Abstract-The Sentinel-1 GRD (ground range detected) Level-1 product generated by the Instrument Processing Facility of the European Space Agency has noise artifacts at the image borders, which are quite consistent at both left and right sides of the satellite's cross track and at the start and end of the data take along track. The Sentinel-1 border noise troubles the creation of clean and consistence time series of backscatter. Data quality control and management become very challenging tasks, when it comes to the large-scale data processing, both in terms of spatial coverage and data volume. In this paper, we evaluate three techniques for removing the Sentinel-1 border noise and compare the results with the existing "Sentinel-1 GRD Border Noise Removal" algorithm implemented in the Sentinel-1 toolbox of the Sentinel application platform.
I. INTRODUCTION
W ITH the advancement in technology, space industry is growing at a rapid pace. In several years, many new satellites have been launched for effective and real-time Earth observation. These advancements have resulted in the production of huge amounts of data because of wider spatial coverage and improved spatiotemporal resolution. Management and The authors are with the Department of Geodesy and Geoinformation (Microwave Remote Sensing Research Group), Vienna University of Technology, 1040 Vienna, Austria (e-mail: Iftikhar.Ali@geo.tuwien.ac.at; Senmao.Cao@ geo.tuwien.ac.at; Vahid.Naeimi@geo.tuwien.ac.at; Christoph.Paulik@geo. tuwien.ac.at; Wolfgang.Wagner@geo.tuwien.ac.at).
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The recently launched constellation of two C-band synthetic aperture radar satellites named Sentinel-1 (A and B) is getting immense attention from both scientists and commercial users.
Due to the open access data distribution policy and improved data quality in terms of temporal and spatial resolution, the Sentinel-1 user community is growing very fast. Daily global data acquisition of Sentinel-1 A and B is more than 1.5 TB [1] . In order to handle and process such big data for regional to global scale monitoring, reliable and stable processing chains are required.
In this paper, we address the issue of image border noise in the Sentinel-1 GRDH (ground-range-detected high resolution) Level-1 product for large-scale data processing. The proposed methods are self-adaptive and are applicable to other acquisition modes, however, fine-tuning might be needed.
A. Overview: Sentinel-1 C-Band Synthetic Aperture Radar (SAR) Sensor
Sentinel-1 is the first satellite mission of the Copernicus program, consisting of a constellation of two polar-orbiting satellites, acquiring C-band synthetic aperture radar images day and night independent of weather conditions. Sentinel-1A was launched on April 3, 2014 and Sentinel-1B on April 25, 2016. Sentinel-1 is the continuity mission to the SAR instruments flown on board of European Remote-Sensing Satellite (ERS) and ENVISAT. Over land, the Sentinel-1 SAR instrument is predominantly operating in the so-called interferometric wide swath (IW) mode. The Sentinel-1 Level-1 Ground Range Detected (GRD) products consist of focused SAR data that have been detected, multilooked, and projected to ground range using an Earth ellipsoid model. The Sentinel-1 IW GRDH mode has a resolution of 20 m (10-m grid spacing). Using the two satellite units, complete global coverage can be achieved within 6-8 days [1] . Over Europe and Canada, the temporal revisit time is expected to be about 1-3 days. Sentinel-1 provides SAR data acquisitions at an unprecedented spatiotemporal sampling. The magnitude of the data volumes generated by Sentinel-1 will reach hundreds of terabytes and eventually will exceed petabyte scale during the mission lifetime. The Sentinel-1 Level-0 and Level-1 products are segmented into "slices" of defined length along a track. Product slices make the data more manageable for the users and enable the ground segment to process slice data in parallel. The size of each Sentinel-1 Level-1 scene (25-s data acquisition scene) is about 0.8-1.7 GB depending on single or dual polarization.
B. Sentinel-1 IW Acquisition Mode and GRD Level-1 Product
Sentinel-1 operates in four acquisition modes [stripmap (SM), IW, extra-wide swath (EW), and wave mode (WV)] in order to acquire data in different spatial resolution and swath size. The IW mode is capable of acquiring data with large swath width (250 km) with a spatial resolution of 5 m × 20 m. In order to cover a large area in the azimuth direction, a so-called terrain observation with progressive scans (TOPS) technique is used. Where, for each burst B i [where T B i is the burst duration and w i is the steering angle rate (i = 1, 2, 3)], the beam is electronically steered from backward to forward in the azimuth direction (for details see Fig. 1 ).
The TOPS technique ensures homogeneous image quality through the swath, however, gradient-like thermal/system noise artifacts can occur at interswath joins of Sentinel-1 subswaths. Fig. 2 shows the scale of noise at interswath joins, where the effect of interswath noise is evident when a difference between the SAR backscatter (σ 0 [dB]) calculated with and without applying SNAP's "S-1 Thermal Noise Removal" correction module. Even though the difference is small [3] , but in some cases, it might be very sensitive (i.e., the effect of this thermal noise was detected in surface soil moisture retrieval). The analysis of noise at the interswath joins of Sentinel-1 subswaths is beyond the scope of this paper. Level-1 GRD products are focused, multilooked and projected to ground range (here phase information is lost) using an Earth ellipsoid model such as WGS84. For IW and EW GRD products, multilooking is performed on each burst individually, and finally, all subswaths are merged to form a single image per polarization channel [4] .
C. Problem Description
The Sentinel-1 Level-1 and Level-2 products are produced by the Sentinel-1 Instrument Processing Facility. Several intermediate steps are involved to generate Level-1 products from RAW Level-0 data. During this process, different types of artifacts appear at the image borders of the Level-1 products. The artifacts appear mainly during the azimuth and range compression and the handling of sampling window start time (SWST-the time offset between the start time of the transmitted pulse and the start time of the current received sampling window) [5] . As a result, artifacts like "no-value" and pixels with very low values (which are mainly due to the resampling step in the SWST) are introduced in the Level-1 products. These artifacts are quite consistent both in range and azimuth direction as shown in Fig. 3 . However, the patterns in range and azimuth directions are different.
1) Cross-track border noise in the range direction appears both in near and far range, however the noise pattern is slightly different. In the near range pixels on the border have generally low values, sometimes mixed with novalues/not-a-number (NaN) pixels. In the far range, there is a low-value zone, which is always followed by a novalue/not-a-number (NaN) zone pixels (see Fig. 4 ). Fig. 5 illustrates the cumulative number of dirty pixels on the borders of sample images separately. As it is shown in Fig. 5 , the number of columns to be removed on the right side (far range) is larger than left side (near range). The size of noise affected pixels varies from scene to scene [see Fig. 6 (a), (b), and (d)]. 2) Along-track border-noise artifacts in azimuth direction appear only in the first and last slices of a data-take (Sentinel-1 data acquisition segment of a few minutes depending on the acquisition mode). This means that the border noise in azimuth direction appears only in IW1 and IW3 subswaths (either in the first or last slice of a data take) as shown in Fig. 6 (a)-(c). The accuracy requirements for border noise removal are very high since only a fully adaptive, robust, and 100% accurate method can be considered as a successful solution to the problem. Only in that case, a fully automatic processing chain can be setup for operational use. Sentinel-1 monthly data over Europe is approximately 4 TB, so manually checking the quality of processed data for the border noise is simply not possible. If the border noise is not fully removed, it will appear in image mosaics or other higher level data products. Fig. 7 (a) shows an example of Sentinel-1 mosaic of multitemporal minimum backscatter values from November 1, 2014 to July 26, 2016; the severity of the border noise problem is clearly visible in the zoomed tile.
Apart from the laborious job of checking the quality of each individual scene, optimizing the resources and computation power is another point of concern for such heavy processing. With the growing volume of data, high-performance computing and better resource utilization is a major aspect that has to be considered. Due to the large volume of the Sentinel-1 data, reprocessing of data in case of any artifact is a computationally expensive task. For the development of global or continental scale services and data production for ecosystem monitoring a highly reliable and stable data processing framework is required. The proposed approach of border noise removal will play a crucial role both in data processing [6] and applications [7] - [9] .
The Sentinel-1 GRD Level-1 product file size is approximately 0.8-1.7 GB. The preprocessing of a S-1 single-scene Level-1 IW GRDH, including calibration, applying orbit files, georeferencing, terrain correction, and tilling, takes about ≈ 2.69 s per MB on a typical VSC-3 2 computing node. , respectively, are: S1A_IW_GRDH_1SDV_20141009T031532_20141009T031601_002747_003156_E57B, S1A_IW_GRDH_1SSV_20161224T013734_20161224T013759_014515_017915_0168, S1A_IW_GRDH_1SDV_20141218T050411_20141218T050441_0037 69_0047F3_0525, and S1A_IW_GRDH_1SDV_20141009T031716_20141009T031741_002747_003156_E3FE. shows the relationship between the Sentinel-1 GRD file size (MB) and processing time (min) required for each file/scene. Processing time over the same latitude is more consistent, as shown in Fig. 7(b) , whereas the files from the high latitude takes more processing time due to large file size caused by the map project at high latitudes. Sentinel-1 single-scene processing time is about 40-45 min (with Sentinel-1 Toolbox (s1tbx) version 1.1.1) that falls in the category of the computationally expensive job. Therefore, it is very important to avoid the reprocessing of large amount of data just because of artifacts created by the border noise. This suggests that the reprocessing of such high resolution and large volume of data due to quality-controlrelated issues would result in an operationally unstable service.
II. MATERIALS AND METHODS
This section provides a detailed description of available and suggested methods for Sentinel-1 border noise removal.
The level of signal in the copolarization channel (VV) is always higher than in the cross-polarization channel (VH) [10] . For example, over the ocean, at low wind speed, the pixel values in the cross-polarization channel are as low as the noise. Therefore, in this paper, we built a border noise removal mask based on copolarization using randomly selected samples of Sentinel-1 images. However, the border noise is equally seen in VV and VH.
A. Algorithms for "Sentinel-1 Border Noise" Correction

1) SNAP "Sentinel-1 Remove GRD Border Noise":
The "Sentinel-1 Remove GRD Border Noise" operator implemented in the Sentinel-1 Toolbox in SNAP works best over land, however, over sea, it might result in some residuals. Complete algorithmic and implementation details about the "Sentinel-1 Remove GRD Border Noise" operator can be found in [11] . 2) Anomaly Detection Method: This method is based on a statistical approach and mainly exploits the use of interquartile range (IQR). Before utilizing the IQR-based Tukey test [12] , we performed some array manipulation and tuning of related constant values in order to formulate the required scheme. The algorithm is described in detail in Algorithm 1 and Fig. 8.  3 ) Bidirectional-Sampling-Based Methods: Here, the term "bidirectional" refers to the range and azimuth direction, the following two algorithms remove the Sentinel-1 border noise both from left/right and top/bottom of the scene. In this category, we have proposed two algorithms: "bidirectional k-samples method," which creates a mask based on one cut value for each side [see Fig. 9 (a)], and "bidirectional all-samples method" creates a mask based on one Fig. 10 ), and k must not be larger than the respective dimension of the selected scene) where each transact/sample of length 2000 pixels were selected from all four sides of the scene as shown in Fig. 10(a) . In the first step, the samples were filtered out if they do not intersect with the potential border noise region, i.e., red-line samples in Fig. 10(a) . In this case, a threshold of 10 was selected to determine the width of the border noise. In the next step, the algorithm tries to find the width (W ) of the border noise in each sample and saves it in an array (s cut ) as shown in Fig. 10(b) . Finally, the width of the border noise (or number of columns and row to be removed from each side) is calculated based on the following expression: max (s cut ) + std (s cut ). The detailed algorithmic steps are given in Algorithm 2. b) Bidirectional all-samples method: The bidirectional k-samples method was further modified in order to save more valid pixels in the image. In the bidirectional all-samples method, instead of taking k samples, it exploits all samples each of length 2000 from all four sides. In this method, as it is shown in Fig. 9(b) , an optimized smoothing procedure is used to better identify the border noise, which shows systematically a kind of harmonic behavior; i.e., the smoothing was applied on backscatter differences between adjacent pixels instead of backscatter itself. The detailed algorithmic steps are given in Algorithm 3, and Fig. 11 (a) and (b) shows the graphical representation of the proposed method.
B. Implementation
The newly developed Sentinel-1 border noise removal module has been integrated within the SAR Geophysical Retrieval Toolbox (SGRT), which is being used for the large-scale data processing and product generation. The SGRT is a software package developed by the Vienna University of Technology (TU Wien) for extracting geophysical parameters from SAR data [13] . Version 2.3.0 of the SGRT is an adaptation to Sentinel-1 of the earlier SGRT 1.0 developed for ENVISAT Advanced Synthetic Aperture Radar (ASAR) data, incorporating optimizations intended for handling the considerably higher spatial resolution and resulting explosion in data volumes foreseen of Sentinel-1 relative to ENVISAT ASAR. The processing toolbox of SGRT 2.3.0 consists of three main components, namely: preprocessing, analytics, and production. It was implemented in the Python programming language.
C. Evaluation Dataset
An intensive evaluation of the proposed algorithms was performed by applying the methods to a random sample of 1500 scenes, which was selected from the Earth Observation Data Center 3 date archive of 324 097 Sentinel-1 GRD Level-1 products Fig. 12(a) . Fig. 12(b) shows the distribution of the selected sample.
D. Performance Evaluation Criteria
The numbers used for the performance and accuracy percentage are based on the counts of positive and negative alarm; where positive alarm = border noise f ully removed negative alarm = border noise partially or not removed. In order to flag a scene as positive or negative alarm, a color composite [as shown in Fig. 12(c) ] of before and after the border noise removal was created for each scene. These color composites were then manually checked and flagged. Fig. 12(c) shows an example of a dataset that was used to determine the performance of each method.
III. RESULTS AND DISCUSSION
For this study, we have evaluated existing solutions for Sentinel-1 border noise removal. Due to the inconsistent performance and lack of robustness when tested with large number of scenes, we have proposed new solution to this problem. The evaluation results of the existing and newly developed Sentinel-1 border noise removal methods are discussed in the following section.
A. SNAP "Sentinel-1 Remove GRD Border Noise"
In order to handle the border noise in SNAP, it is very important to tune the parameters of "Sentinel-1 Remove GRD Border Noise" module in SNAP, which is feasible for few scenes where parameters can be tuned for each individual scene one-by-one. However, doing so for batch processing where the number of scenes are in 100 s or 1000 s is practically impossible. Even in case of a single scene, tuning of input parameters does not work 100% especially over sea where the backscatter values are low.
White rectangle in Fig. 13(a) shows an example where the border noise is not fully removed but a gap between the clean pixels and the border noise margin still exists. Furthermore, over sea (or open water) area valid pixels are masked as border noise, which result in a noise granularity like effect as shown in yellow rectangle in Fig. 13(a) .
In the first evaluation case, SNAP module ("Sentinel-1 Remove GRD Border Noise") was run for 500 Sentinel-1 GRD Level-1 scenes in order to fix the border noise. The computation time was ranging between 11 and 15 s. During the validation step, it was found that the output of the "Sentinel-1 Remove GRD Border Noise" module is highly unstable and inconsistent. An error rate (number of times algorithm failed to completely remove the noisy pixels) of 68.96% was found, and based on this result, further analysis of SNAP module on the remaining 1000 Sentinel-1 samples was not continued. The failure of SNAP module over ocean was in general very consistent. Following is a list of inconsistencies and failures of border noise removal observed during the evaluation: 1) border noise partially or completely missed both in range and azimuth; 2) granular-like noise observable over ocean as shown in Fig. 13 (a-right); 3) remaining noise gaps between valid pixels and the masked region as shown in Fig. 13 (a-left); 4) due to the inconsistency in threshold selection in SNAP, the probability of removing more valid pixels is high.
B. Anomaly Detection
In terms of computation time, the anomaly detection method (see Table I ) is significantly faster than all other methods including the SNAP's "Sentinel-1 Remove Border Noise" module. During the evaluation process, it was observed that the anomaly detection method works better with higher accuracy if the width of the border noise is consistent along the side. If there is smooth transition from wide border noise to short border noise, then this Where, sample size is the number of Sentinel-1 scenes randomly selected for this experiment and positive/negative alarm refer to the case when the border noise is completely removed (positive alarm) or the border noise did not or partially removed (negative alarm).
will result in a partial removal of the border noise. As shown in Fig. 13(b) , where on the right side of the scene, the width and orientation of border noise is not consistent. At the right-top side the border noise width (low-values + no-values; as described in Fig. 4 ) is greater than the noise width at the right middle and right bottom of the scene. This is due to the fact that this smooth curve like pattern of the border noise will also create a smooth transition curve in the calculated column mean plot. In this case, the width of the border noise using the Tukey test also depends on the value of k (see Algorithm 1) whose value is manually tuned. Therefore, these kind of ambiguities will still be problematic in some cases. Another limitation of this approach is that most of the times it creates a large mask-cut value and remove the valid pixels as well along with the border noise. For example, on the left side in Fig. 13(b) , there is no border noise but it still removes a buffer of some valid (or noise free) pixels. Fig. 14(a) shows a sample Sentinel-1 IW GRD scene, which is selected for the visual demonstration of three methods. Fig. 14(b) shows an example where anomaly detection method has removed the valid pixels. The width of this border noise region (referred as low-value zone in Fig. 4 ) has a fluctuating behavior and vary from scene-to-scene and mainly depends on land-cover type.
C. Bidirectional Sampling Methods
Our bidirectional sampling methods are specifically designed to address this issue of the border noise in the Sentinel-1 GRD Level-1 product. These methods have been intensively validated using large and well-distributed samples in order to achieve the best performance and optimization especially in terms of preserving the valid pixels.
The bidirectional k-samples method produced a border noise mask based on one linear cut for each side, therefore, the scene after applying the mask will have the rows and columns of same length as illustrated in Figs. 9(a) and 14(c) . The Bidirectional all-samples method follows the same rule if there is no big shift/step in the border noise pattern. And if there is/are step(s) along the border noise, then there will be one mask-cut value for each step. In this case, the rows and columns of final image can be of different length. The zoomed parts of Fig. 14(c) and (d) show that a bidirectional all-samples approach is very well optimized in terms of saving the valid pixels, where the mask precisely follow the pattern of the border noise instead of removing the valid pixels.
Both these methods are robust and adaptive to new ambiguous border noise patterns, and the computation time is approximately similar to the "Sentinel-1 Remove Border Noise" module in SNAP. The proposed approach is not only effective over land areas where the signal level is always higher than the instrument noise floor, but also over ocean where the situation may be opposite under low wind conditions. Table I gives a comparative performance overview of the tested algorithms.
Finally, the bidirectional all-samples approach as the bestperforming algorithm has been selected and integrated in SGRT and is being used for the large-scale data processing.
IV. CONCLUSION
Reprocessing of satellite data because of noise removal failures becomes challenging during the processing of large amount of data or the near-real-time data production with limited computing resources. For large-scale data processing and operational product and service development, it is very crucial to have a stable and reliable preprocessing chain. In case of the Sentinel-1 Level-1 GRD product, this aspect becomes even more important due the large file size and the required processing time. In this paper, we have evaluated different methods to fix the Sentinel-1 border noise using a large sample of Sentinel-1 data. Among the proposed methods, we selected the bidirectional all-samples. This method shows the best performance on scenes covering the land surfaces as well as the scenes that are partially over ocean or inland water surfaces, which is one of the major limitations of the "Sentinel-1 Remove GRD Border Noise" module in the SNAP toolbox. This algorithm has been integrated in the SGRT preprocessing chain, which uses the SNAP toolbox at the back-end for the Sentinel-1 data preprocessing. This will enable automatic Sentinel-1 data preprocessing for real-time or near real-time services, in which large-scale highquality artifact-free mosaics should be delivered for operational purposes.
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